We present a method that jointly analyzes the polymorphism and divergence sites in genomic sequences of multiple species to identify the genes under positive or negative selection and pinpoints the occurrence time of selection to a specific lineage of the species phylogeny.
tion. The method provides posterior distributions of the fitness effects of each gene along with parameters associated with the evolutionary history, including the species divergence times and effective population sizes of external species. A simulation is performed, and the results demonstrate that our method provides accurate estimates of these population genetic parameters.
The proposed method is applied to genomic sequences of humans, chimpanzees, gorillas and orangutans, and a spatial and temporal map is constructed of the natural selection that occurred during the evolutionary history of the four Hominidae species. In addition to FOXP2 and other known genes, we identify a new list of lineage-specific targets of Darwinian selection. The positively selected genes in the human lineage are enriched in pathways of gene expression regulation, immune system, metabolism etc. Interestingly, some pathways, such as gene expression, are significantly enriched with positively selected genes, whereas other Table 1 to test the deviation of entries of the contingency table from randomness. In the 28 (A) (B) Figure 1 : An illustration of the genealogies for three species and four species and the parameters.
Synonymous
Replacement 1 ∼ (2, 3) Divergence D 1∼(2,3) θ s,1 (T 12 − 1 2 T 23 + M (n 1 )) θ r,1 a stationary distribution (Sawyer and Hartl, 1992 )
where N = N 3 . Thus, the expected number in a sample with n 3 sequences is:
with L(n) = n−1 1 1 i .
3
The synonymous divergence sites, D s 3∼(1,2) , include those sites segregating in the popula-4 tion but fixed in the sample:
= 2N 3 µ s 1 n 3 = θ s,3 M(n 3 ).
The synonymous divergence sites also include those sites fixed in the population of species 6 3: µ s T 23 . If we scale time T 23 in units of N 1 , then 7 µ s T 23 = 1/2θ 3 * N 1 T 23 N 3 = 1 2 θ s,3 T 23 v 3 ,
and v 3 = N 1 N 3 .
8
For non-synonymous (replacement) sites, we know that the stationary population allele 9 frequency under selection is as follows:
where x is the population allele frequency and γ = Ns, with s representing the selection 11 6 intensity (Sawyer and Hartl, 1992) . The fixation rate is:
Thus, the number of replacement sites along branch leading to species 3 is:
where T 23 is in units of N 1 generations.
3
The number of replacement sites fixed in the sample n 3 is as follows:
with 5 G(n, γ) = 1 0
Similarly, the expected number of segregating replacement sites, P r s∼ (1, 2) , is:
with 7 F (n, γ)
Through similar logic, we can obtain the expected number of divergence and polymor-8 phism sites for P 2∼(1,3) , D 2∼(1,3) , P 1∼(2,3) and D 1∼(2,3) (see Table 1 for details). 9 In the aforementioned paragraphs, we assume that the divergence time T 23 is sufficiently 10 large; thus, the chance of observing polymorphism sites shared by species 2 and 3, P (2,3)∼1 , 11 has a very low probability. However, for closely-related species with T 23 ≤ TMRCA of n 2 , 12 the expected number of neutral polymorphic sites segregating in species 2 and 3, P (2,3)∼1 , 13 cannot be ignored and should be calculated from the joint allele frequency of species 2 and 14 3 f (y, z|T 23 , N 2 , N 3 ) (see AppendixA for details):
×f (y, z|T 23 , N 2 , N 3 , N 4 , µ s )dydz = θ s,4 H(n 2 , n 3 , N 2 , N 3 , T 23 ),
where θ s,4 = 2N 4 µ s stands for scaled mutation rate in species 4 and y and z are the allele 2 frequencies in species 2 and 3, respectively. Additionally, 3 H(n 2 , n 3 , N 2 , N 3 , T 23 ) = (
with φ(y|x, T, N) representing the transient allele frequency distribution conditional on an 4 initial frequency x, population size N and time T (see Equation 25 for the detailed form).
5
The expected number of selected polymorphic sites segregating in species 2 and 3 is (1 − y n 2 − (1 − y) n 2 )(1 − z n 3 − (1 − z) n 3 ) ×g(y, z|T 23 , N 2 , N 3 , γ 4 )dydz = θ r,4 2γ 4 1 − e −2γ 4 I(n 2 , n 3 , γ 2 , γ 3 , γ 4 ),
where γ 2 , γ 3 , and γ 4 are the selection coefficients in species 2, 3 and, 4 respectively. And, 7 I(n 2 , n 3 , γ 2 , γ 3 , γ 4 ) = (1 − y n 2 − (1 − y) n 2 )(1 − z n 3 − (1 − z) n 3 ) 2x(1 − x)γ 4 ×ψ(y|x, T 23 , N 2 , γ 2 )ψ(z|x, T 23 , N 3 , γ 3 )dxdydz,
with ψ(y|x, T, N, γ) representing the transient allele frequency distribution conditional on 8 an initial frequency x, population size N, time T and selection intensity γ (see Appendix A 9 for details). 10 Accordingly, when under the assumption T 23 ≤ TMRCA of n 2 , P s 3∼(1,2) and other entries 11 in Table 1 should be derived in a new form, which can be found in Appendix A.
12
Assuming a Poisson random field model, the joint probability of the data given parameter 1 Γ = {θ l s,i , θ l r,i , T 123 , T 23 , γ l i , i ∈ {1, 2, 3}, 1 ≤ l ≤ L} is the product of the individual entries of 2 Pr(D l c,i∼(j,k) |T, γ l c , θ l c ) Pr(P l c,i∼(j,k) |T, γ l c , θ l c )Pr(P l c,(2,3)∼1 |T, γ l c , θ l c ),
where Pr(·) denotes the Poisson distributions. The phylogeny of four species is shown in Figure 1 (B). Similar to the three-species 6 case, the four-species data contains branch-specific divergence and polymorphism sites (e.g.,
7
D 1∼(2,3,4) , P 1∼(2,3,4) , etc.). In addition, there are some unique site patterns corresponding to 8 internal branches connecting species 5 and 6. Mutations that occur on this branch could 9 have generated multiple site patterns in the modern four-species samples. These patterns 10 could be created by polymorphism sites shared by species 3 and 4, which is denoted by 11 P (3,4)∼(1,2) ; by sites with one allele type fixed in species 3 and 4, and the other allele type 12 fixed in species 1 and 2, which is denoted by D (3,4)∼(1,2) ; or by sites with one allele type that 13 is fixed in species 3 and another fixed in species 1, 2 and 4 (or perhaps the reverse). Since we 14 assume no migration or introgression between species and an infinite-sites mutation model, 15 common mutations shared between species 3 and 4 can only be descended from ancestral 16 mutations existing in N 5 . Similar to P s,(2,3)∼1 in the three-species scenario, the expected 17 number of neutral polymorphic sites segregating in species 3 and 4 is as follows:
where y and z now represent the allele frequencies in species 3 and 4, respectively (see 19 Appendix A for details). Similarly, the expected number of polymorphic replacement sites 20 segregating in species 3 and 4 is
If the divergence time between species 3 and 4 is sufficiently large, then these common 2 ancestral polymorphic sites are mostly lost or fixed, the values of H(n 3 , n 4 ) and I(n 3 , n 4 ) 3 become negligible, and P (3,4)∼(1,2) collapses into P 3∼(1,2,4) , P 4∼(1,2,3) and D (3,4)∼(1,2) . Thus, 4 although P (3,4)∼(1,2) exists, the number could be only represent a small proportion and pro-5 vides limited information for inference. This is consistent with the genomic data we observed 6 in the four Hominidae species (see the result section), with P (n 3 ,n 4 )∼(1,2) only representing 7 0.2896% of the total number of segregating sites (197, 878) .
8
The expected number of fixed synonymous sites D s (3,4)∼(1,2) includes two components:
and 10 1 2
with v 5 = N 1 /N 5 .
11
Similarly, the expected number of fixed nonsynonymous sites D r (3,4)∼(1,2) includes two 12 parts:
13 1 0 1 0 y n 3 z n 4 × g(y, z|T, N 3 , N 4 , γ 5 )dydz = θ r,5 2γ 5 1 − e −2γ 5 K(n 3 , n 4 , γ 3 , γ 4 , γ 5 ).
and
+K(n 3 , n 4 , γ 3 , γ 4 , γ 5 )) Polymorphism P (3,4)∼(1,2) θ s,5 H(n 3 , n 4 , N 3 , N 4 , T 34 ) θ r,5 2γ5 1−e −2γ 5 I(n 3 , n 4 , γ 3 , γ 4 , γ 5 ) 
The first part contains a small proportion when the divergence time T 34 is large.
We tested the performance of the method using simulation data. We simulated 20, 000 4 genes for the four-species scenario in Figure 1 , and the population history parameters were 5 set to approximate the evolutionary history of humans, chimpanzees, gorillas and orangutans 6 inferred in previous studies (Prado-Martinez et al., 2013) , and the sample includes n 4 = 10, 7 n 3 = 24, n 2 = 20, and n 1 = 20 haplotypes from the four species, respectively. We set the 8 effective haploid population sizes at N 2 = N 1 , N 3 = 1.2N 1 , and N 4 = 0.8N 1 . The divergence 9 times were T 34 = 4, T 234 = 6 and T 1234 = 12 in units of 2N 1 . The scaled mutation rate 10 for synonymous sites for each gene locus, θ s = 2N 1 µ s , and the scaled mutation rate for 11 replacement sites, θ r = 2N 1 µ r , were chosen from several fixed values 1, 2, . . . , 5. Among the 12 20, 000 genes, 1400 were under selection in species 4 or 5 (the common ancestor of humans and 13 chimpanzees), and the other 18, 600 genes were neutral. The selection intensities γ i , i = 4, 5 14 of every 100 genes were chosen from fixed values in the range of (−6, −4, −2, 0, 2, 4, 6). Given the values of these parameters, simulated data were generated from Poisson distributions, 1 and the means were calculated based on the formulae in Table 2 . We then applied the method 2 to the simulated data, and the maximum a posteriori (MAP) estimates of the parameters 3 were recorded. The above simulations were repeated for 100 times. The boxplots of the 4 inferred selection intensity, scaled mutation rates and divergence times are shown in Figure   5 2. For the global parameters, such as the divergence times T 1234 , T 234 and T 34 , the inferred 6 values are accurate and unbiased since sufficient information for these parameters is derived 7 from the Bayesian joint analysis of all 20, 000 gene loci. The other locus-specific parameters, 8 including the selection intensity and mutation rates of different branches, are generally also 9 unbiased. However, we note that for selection intensity, when under strong negative selection, Pan troglodytes ellioti (9) and Homo sapiens (9). We aligned the sequences of 23, 362 genes 23 for these samples, from which 5, 429 genes with no protein coding information were excluded to construct the four-species MK tables for each gene (see entries of Table 2 ). In total, 28 133 genes with no divergence and segregating sites in all lineages were excluded from the 29 four-species MK tables. 1 We applied our method to the HDMK tables of the 17, 800 genes. After 200, 000 burn-in 2 steps, we then ran the Markov chain Monte Carlo process for 200, 000 steps to achieve 3 the posterior distributions of the parameters (see Appendix 2 for details). The maxi- 
13
By using orangutans and gorillas as outgroups, we identified 27, 144 fixed synonymous 14 sites and 19, 123 fixed non-synonymous sites in the human lineage (D 4∼(1,2,3) in Table 2 ).
15
The average genomic synonymous and non-synonymous divergence are 4.5197 × 10 −4 and 16 3.1842 × 10 −4 (per nucleotide site). We also identified 22, 926 synonymous and 21, 243 non-17 synonymous segregating sites in humans (P 4∼(1,2,3) in Table 2 ). The average synonymous 18 and non-synonymous densities (per nucleotide site) are 3.8174 × 10 −4 and 3.5372 × 10 −4 .
19
The ratio of non-synonymous to synonymous divergence sites is smaller than the ratio of 20 non-synonymous to synonymous polymorphisms sites, which is consistent with the fact that 21 the majority of amino acid variations in the genome are deleterious. Genes under selection in the human lineage Table 4 ).
22

15
Several top pathways in the human lineage are related to the immune systems (P < 16 2.16 × 10 −12 , including SAMHD1, NUP107, and UBA7, are related to interferon signaling (see Table 4 ).
Another extremely significantly enriched pathway is gene expression (P < 2.79 × 10 −7 ). phenotypes have yet to be properly recognized, and our results could provide inspiration for 15 further investigations.
16
Our study also identified genes involved in spermatogenesis under positive selection 17 (Nielsen et al., 2005) . High selection intensities were inferred according to the MK table   18 patterns of these genes, including SLC26A3, SEPT4, PRM1, NPHP1 and OVOL1. Among 19 these genes, PRM1 is known for its potential influence on sperm morphology and ability to 20 fertilize eggs (Rooney and Zhang, 1999; Wyckoff et al., 2000; Nielsen et al., 2005) .
21
Metabolism is another large gene category under selection (P < 7.83×10 −5 ) and includes the metabolism of proteins, lipids and lipoproteins, purines, and carbohydrates. Certain We also analyze the association between positively selected genes and common diseases 7 ( 
26
In addition to performing a categorical analysis of pathways and genes, we also investi-27 gated the top 30 genes under positive selection in humans, chimpanzees, and the common 28 ancestor of humans and chimpanzees (see Table 3 ). The genes were ranked according to 29 their MAP selection intensity. All positively and negatively selected genes are also shown in which may have a role in the regulation of GABAergic transmission in the brain through the 21 reuptake of GABA into presynaptic terminals. EPM2AIP1 interacts with EPM2A, which 22 produces a protein called laforin, and is related to epilepsy (Lafora disease). Among the top 30 signals under strong positive selection in chimpanzees (Table 3) primate species and noticed that the gene is expressed in testes, implying its role in testis 10 development and spermatogenesis.
23
11
PNMA5 shows a strong signal for positive selection in chimpanzees (γ = 11.69 (4.57, 21.28)).
12
The exact molecular function of PNMA5 is still unclear, although previous research indi-13 cated that PNMA5 is highly expressed in the neocortex of the brain and may be involved in 14 primate brain evolution. Interestingly, we found that the gene is also under strong positive 15 selection in the human-chimpanzee common ancestor lineage but is under neutral evolution 16 in humans, implying that it once played an important role in the brain evolution of ancient primates but that its effect likely terminated in the human lineage. AIMP2 is another gene known to be related to human neurodegenerative diseases, such as Parkinson's disease. Martin et al. (2005)). ICAM1 is likely undergoing parallel evolution for resistance to the two 3 parasites. Further investigation of the divergence sites among the three species may provide 4 insights into the mechanism of malaria resistance.
5
Overall, in the above study, we discussed the genes and pathways under strong positive Similar to the MK test and MKPRF, the HDMKPRF method analyzes both polymor-5 phism and divergence sites, which increases the power for detecting selection and helps 6 distinguish positive selection from the relaxation of negative selection (Wyckoff et al., 2000) .
7
By using the Bayesian approach to combine information from all gene loci, the method is 8 more powerful than single-locus methods, such as the MK test and dN/dS ratio tests. We With the development of sequencing technologies, genomic population data for multiple 18 species are abundant, thus necessitating methods that can efficiently analyze both within-19 species and between-species data. The HDMKPRF method presented in this paper satisfies 20 such a need, and we expect that its application potential will be extensive in comparative 21 genomic studies. 
where φ(y|x, T, N) represents the transient allele frequency distribution y given its initial 
where C 3/2 i (x) is the Gegenbauer polynomial with λ = 3/2. analytical solutions using perturbation methods (Schraiber, 2014; Živković et al., 2015) . Sim-10 ilar to the neutral case, the joint allele frequency distribution of nonsynonymous sites under 11 selection in species 2 and 3 is:
where ψ(y|x, T, N, γ) represents the transient allele frequency distribution for y with an 
The expected number of polymorphism replacement sites segregating in species 2 and 3 is 2 as follows:
The other entries of the three-species MK table are now different from that of Table   4 1. For example, the expected number of P 2∼ (1,3) includes two components. The first part 5 consists of sites fixed in sample 3 but still segregating in sample 2:
The second part consists of the new mutations occurring in species 2 since T 23 :
where θ s,2 2 is the number of new neutral mutations that enter the population every generation 8 with the initial frequency of 1/N 2 . 9 Note that the above formula for P s ,2∼(1,3) is different from that in Table 1 and is applica-10 ble in different situations. An empirical criterion for choosing the two fomulae is based on 11 the distribution of TMRCA of n 2 . According to Griffiths (1984) , the TMRCA asymptotically follows a normal distribution, with the mean and variance determined by N 2 and the population history (see Griffiths (1984) and Chen and Chen (2013) for detailed formulae); 1 thus P r(TMRCA < T 23 ). When T 23 is sufficiently large and P r(TMRCA < T 23 ) > 0.95, we 2 adopt the formulae in Table 1 ; otherwise, we use Equation 29 and 30.
For the four-species scenario, we can obtain the expected values for P s,(3,4)∼(1,2) and 4 P r,(3,4)∼(1,2) via a similar method used for P s,(2,3)∼1 and P r,(2,3)∼1 . Synonymous divergence 5 sites D (3,4)∼(1,2) in the four-species scenario include two components: the sites fixed on the 6 branch between species 5 and 6 and the sites fixed in the sample of n 3 and n 4 . Following 7
Equation 5, the first component is as follows:
with v 5 = N 1 /N 5 . The second component includes those sites fixed in the sample of n 3 and 9 n 4 : 
Similarly for replacement sites, the two components are:
and 12 1 0 1 0 y n 3 z n 4 × g(y, z|T, N 3 , N 4 , γ 5 )dydz = θ r,5 2γ 5 1 − e −2γ 5 K(n 3 , n 4 , γ 3 , γ 4 , γ 5 ).
Therefore, we have P (3,4)∼(1,2) and D (3,4)∼(1,2) .
A2. MCMC steps for parameter optimization for the 4-species McDonald-1 Kreitman tables 2
In the Bayesian Poisson random field model of four species, the parameters include
where i is the index of lineages (species, see Figure 1B) , l is the index of genes. D and P are Kreitman table, the number of polymorphism synonymous mutations occurring in gene l in 14 lineage i, with i = 1, 2, 3, 4 (as is shown in Figure 1B ), is P l s,i = θ l s,i L(n i ) = N i µ s,l L(n i ).
15
Therefore, for i = 2, 3, 4, v i can be estimated as follows:
MCMC iteration 17
Locus-specific mutation parameters for gene l in lineage 1 ∼ (2, 3, 4) are updated via 18 Gibbs sampling. For each gene l, given values of γ i,l , i = 1, 2, 3, 4, 5, a value of θ l r,1 (θ l r,1 = 19 2N 1 µ r,l ) is generated from a gamma distribution 20 θ l r,1 ∼ Γ(par 1,l , par 2,l )
and 2 par 2,l = β + 2γ 1,l 1 − e −2γ 1,l (2T 1234 − T 234 + G(n 1 , γ 1,l ) + F (n 1 , γ 1,l )) + 2γ 2,l 1 − e −2γ 2,l (T 234 + 1 v 2 (G(n 2 , γ 2,l ) + F (n 2 , γ 2,l )))
(K(n 3 , n 4 , γ 3,l , γ 4,l , γ 5,l ) + I(n 3 , n 4 , γ 3,l , γ 4,l , γ 5,l ))).
Since D (3,4)∼(1,2) and P (3,4)∼(1,2) are usually of low information with high volatility in our 3 example, we approximate the posterior distribution of θ l r,1 : 4 θ l r,1 ∼ Γ( par 1,l , par 2,l ) (40)
and 6 par 2,l = β + 2γ 1,l 1 − e −2γ 1,l (2T 1234 − T 234 + G(n 1 , γ 1,l ) + F (n 1 , γ 1,l )) + 2γ 2,l 1 − e −2γ 2,l (T 234 + 1 v 2 (G(n 2 , γ 2,l ) + F (n 2 , γ 2,l ))) + 2γ 3,l 1 − e −2γ 3,l (T 34 + 1 v 3 (G(n 3 , γ 3,l ) + F (n 3 , γ 3,l ))) + 2γ 4,l 1 − e −2γ 4,l (T 34 + 1 v 4 (G(n 4 , γ 4,l ) + F (n 4 , γ 4,l )))
Similarly, a value for θ l s,1 was generated from the gamma distribution 1 θ l s,1 ∼ Γ(par 3,l , par 4,l )
and 3 par 4,l = β + (2T 1234 − T 234 + M(n 1 ) + L(n 1 ))
We also approximate the gamma distribution: 4 θ l s,1 ∼ Γ( par 3,l , par 4,l ),
where 5
and 6 par 4,l = β + (2T 1234 − T 234 + M(n 1 ) + L(n 1 )) +(T 234 + 1 v 2 (M(n 2 ) + L(n 2 )))
Note that in the above gamma distributions, α and β are uninformative small values 7 close to 0.
Once θ l s,1 and θ l r,1 are updated, θ l s,i , θ l r,i , i = 2, 3, 4 can be calculated by θ l s,i = N i µ s,l = 1 θ l s,1 /v i and θ l r,i = θ l r,1 /v i .
2
Then, we update the selection parameters using Metropolis sampling as shown in Algo-3 rithem 1.
Algorithm 1: Updating selection parameters by Metropolis sampling
In Algorithem 1, p(γ i,l |D, P ) is the posterior probability for γ i,l . 5 p(γ i,l |D, P ) = p(γ i,l )L(γ i,l |D, P )
and 7 L(γ|D, P ) = p(D, P |γ i,l ).
Considering that selection coefficient γ i,l only affects the non-synonymous mutation num-8 bers, we have 9 p(D, P |γ i,l ) = p(D l r,i , P l r,i |γ i,l ).
Since the expected K and I in the four-species McDonald-Kreitman table are difficult 10 to calculate and only have a weak influence on the estimation of γ 5,l , we approximate the 11 likelihood of γ 5,l as follows:
p(D, P |γ 5,l ) = p(P l r,5 |γ 5,l ),
E(P l r,5 ) is simplified as follows:
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